Available imaging systems for use in preclinical toxicology studies increasingly show utility as important tools in the toxicologic pathologist's armamentarium, permit longitudinal evaluation of functional and morphological changes in tissues, and provide important information such as organ and lesion volume not obtained by conventional toxicology study parameters. Representative examples of practical imaging applications in toxicology research and preclinical studies are presented for ultrasound, positron emission tomography/singlephoton emission computed tomography, optical, magnetic resonance imaging, and matrix-assisted laser desorption ionization-imaging mass spectrometry imaging. Some of the challenges for making imaging systems good laboratory practice-compliant for regulatory submission are presented. Use of imaging data on a case-by-case basis as part of safety evaluation in regulatory submissions is encouraged.
* This is an opinion article submitted to the Regulatory Forum and does not constitute an official position of the Society of Toxicologic Pathology or the journal Toxicologic Pathology. The views expressed in this article are those of the authors and do not necessarily represent the policies, positions, or opinions of their respective agencies and organizations. The Regulatory Forum is designed to stimulate broad discussion of topics relevant to regulatory issues in Toxicologic Pathology. Readers of Toxicologic Pathology are encouraged to send their thoughts on these articles or ideas for new topics to regulatoryforum@toxpath.org.
into electrical signals for processing by a computer to generate an image. The pulses are sent into the animal at recorded time intervals. The distance and direction of the reflected return echo and its time of arrival back to the transducer permit the construction of a 2-dimensional image of internal structures in the animal. Resolution increases while depth of penetration decreases at higher frequencies. Use of high-frequency sound waves permits real-time monitoring of blood flow. Gas-filled microbubbles can be used to increase the signal when imaging blood flow. Attaching specific proteins to microbubbles (such as antibodies directed against endothelial cell proteins) allows ultrasound to be used to target specific intravascular biochemical processes (Kiessling et al. 2012 ). Advantages of ultrasound include relative low cost, portability of equipment, good temporal resolution, good safety profile, and excellent sensitivity when microbubbles are used. Limitations are poor imaging of bone and air or gas and limits on depth penetration.
PET and SPECT
PET and SPECT utilize radionuclides to allow study of biochemical changes and levels of molecular targets in living animals (Khalil et al. 2011; Yao, Lecomte, and Crawford 2012; Vaquero and Kinahan 2015) . For PET to work well, one must identify and produce a radiolabeled imaging agent that is specific and selective for the target of interest. A common PET radionuclide is 18 F with a half-life of just under 2 hr. Other radionuclides include 64 Cu, 76 Br, and short-lived radionuclides 11 C, 13 N, and 15 O. A small quantity of the specific radiolabeled agent is given intravenously to the test subject, with subsequent tracing of its distribution in the body using a PET camera. The short-lived radionuclide is generated by a cyclotron, and decay of the radionuclide occurs by positron emission and subsequent collision of the positron with an electron. Each collision (annihilation) generates 2 photons that have significantly higher energy (511 keV) than conventional X-rays. A ring-like detector surrounding the subject detects annihilation events and, after detector normalization and other corrections, converts their electrical signal to tomographic images. Primary use of PET in the clinic is to image cancer most often using 18 F-labeled glucose. The assumption is that the metabolic demands of the cancer cells exceed that of normal cells, and 18 F-glucose will preferentially localize in the cancer cells. Preclinical use of PET is in basic research and in rodent models to investigate mechanism of human disease (Yao, Lecomte, and Crawford 2012) . Miniaturized PET scanners for preclinical use have a relatively low spatial resolution of 1 to 2 mm (Moses 2011) but a high sensitivity.
SPECT uses radionuclides that decay with emission of single-g rays. Typical radionuclides include 99m Tc, 123 I, and 111 In, and a g camera that rotates around the subject is used to capture data from differing positions to allow tomographic reconstruction. Technical implementation (use of a collimator) to cancel out photons that are spatially uninformative can markedly decrease the sensitivity of SPECT in contrast to PET, but sensitivity can be increased using micropinhole apertures to maintain sensitivity with reasonable spatial resolution. Miniaturized SPECT instruments are available for preclinical studies and have been used for imaging cancer xenografts in mice, rat hearts following ischemia reperfusion, and for imaging dopamine transporters in rat brain (Scherfler et al. 2002) . New versions of SPECT instrumentation for preclinical use have been developed with spatial resolutions of less than a millimeter (van der Have et al. 2009 ).
The advantage of PET and SPECT is that they detect biochemical changes that typically precede anatomical changes (Bernsen et al. 2014; Franc et al. 2008) . Another advantage is the possibility of continuous acquisition of scan data from a radionuclide or radionuclide-labeled experimental substance. Temporal data may be acquired in the form of a dynamic scan. For example, an uptake of a specific radiolabeled antibodydrug conjugate by the tumor can be recorded at multiple time points after the injection, including minutes after the drug delivery, followed by hours and days postinjection in the same animal, providing data that are impossible to obtain using other methods (ter Weele et al. 2015) .
A major limitation of PET and SPECT is poor anatomical localization. The lack of an anatomical reference frame is easily overcome by combining PET or SPECT with CT or MRI (Chatziioannou 2005; Shao et al. 1997) . The radiation exposure safety concern of using radionuclide imaging for PET and SPECT limits clinical use but is of less concern for preclinical studies, provided care is taken regarding exposure of preclinical technical staff.
Optical Fluorescence and Bioluminescence
Optical imaging, a technique for noninvasively looking inside the body, measures light produced by optical reporters that are visualized through the tissues (typically the skin) of a live animal (Dufort et al. 2010) . This imaging platform allows monitoring of function in its natural structural context. There are two broad categories of optical imaging: fluorescence and bioluminescence. Fluorescent technology uses nonionizing visible, ultraviolet, or infrared light and the special properties of photons to obtain detailed images of organs, tissues, cells, and even molecules. Optical imaging is useful for visualizing soft tissues and takes advantages of different colors of light to simultaneously measure multiple features in an organ or tissue. Bioluminescence relies on introduction of one of several luciferase enzymes into the subject that then interact with its substrate to produce photons of visible light (Sadikot and Blackwell 2005) . Both are cost-effective, noninvasive, sensitive, physiological, and high throughput with spatial and temporal resolutions up to 0.25 mm and can be designed to target a specific protein or pathway of interest. The primary limitation of optical imaging is its shallow depth of penetration, limiting its use to visualize internal organs in animals larger than rodents. Novel optical imaging techniques are constantly evolving providing capability to monitor dynamic functional processes at the cellular and molecular levels in biological systems and the whole animal. Different varieties of optical, in vivo imaging modalities include optical coherence tomography (Vakoc et al. 2009; Wenzel et al. 2015) , photoacoustic microscopy (Stein, Maslov, and Wang 2009) , photoacoustic tomography (Burton et al. 2013; Hudson et al. 2014) , multiphoton microscopy (Breckwoldt et al. 2014; Harb et al. 2013) , hybrid methods such as laser speckle and fluorescence (Kalchenko et al. 2010 (Kalchenko et al. , 2011 Towle et al. 2012; Zhongchan et al. 2013) , and bioluminescence (Corson et al. 2014; Hirano 2016) imaging.
CT or Computer-aided Tomography or Computed Axial Tomography (CAT)
CT uses X-ray imaging of sections or slices (tomography) through the body or a specific tissue to produce a 3-D image of the subject being imaged. CT is basically an anatomic imaging process where the X-ray source is coupled to a detector array and both rotate around the animal. Tissues that strongly absorb X-rays such as bone show up as white, air shows up as black, with soft tissues showing up in shades of gray. The degree of X-ray attenuation by different tissue components is assigned Hounsfield units (HUs) based on their differences in density and composition. Software automatically assigns HUs to every voxel on the CT scan to assist in image interpretation. An iodinated contrast agent can be used during CT imaging to improve spatial resolution and soft tissue contrast. Scaleddown versions of hospital CT scanners are used in preclinical research for small animals, including invertebrates.
CT allows for rapid acquisition time and high spatial resolution. Micro-CT imaging systems used for preclinical studies offer resolutions as low as 3.25 to 9 mm (Lombardi et al. 2014; Rueckel et al. 2014) . There is essentially limitless depth of penetration. Technical advances in X-ray detection and use of helical scanning and multidetector systems offer increasingly lower levels of radiation to obtain suitable images. However, exposure to radiation remains a limitation in clinical applications. While soft tissue contrast can be enhanced by use of iodinated contrast agents, soft tissue detail is less than that from MRI. CT remains an important and highly efficient preclinical imaging modality and when combined with PET, SPECT, optical, or MRI modalities provides an anatomical reference frame for these other imaging modalities. Numerous examples of CT imaging applications in toxicologic pathology are available in the published literature (Badea, Hedlund, and Johnson 2004; Badea et al. 2005; Vasquez, Shah, and Hoberman 2013; van Deel et al. 2016; Solomon et al. 2016; Ashton, West, and Badea 2015; R. H. Brown et al. 2008; Martiniova et al. 2010; Wang et al. 2016; Cavanaugh et al. 2004; Wise, Xue, and Winkelmann 2010) .
MRI
MRI uses a powerful magnet and radio frequency (RF) energy to image atomic nuclei within the body. It is based on the constant angular momentum of protons and neutrons as they spin about their axes. In addition to their angular momentum, these nuclear particles have a small magnetic field called a magnetic moment.
Both the angular momentum and the magnetic moment are vector quantities and, thus, have directionality and spin or wobble features like the wobble of a spinning toy top. When placed in a powerful magnetic field such as in an MRI magnet, these nuclear particles align either parallel or antiparallel to the MRI magnetic field, absorb energy when aligned by a pulse from one of the MRI magnet coils, and return the absorbed energy as RF pulses, called relaxation, while returning to their normal alignment where an additional gradient coil locates the X, Y, and Z orientation of the tissue magnetic resonance (MR) signal after each magnetic pulse from the MR instrument.
The most abundant atomic nucleus in the body is the hydrogen proton, 1 H. Thus, it is the most commonly used nucleus for MRI. 1 H imaging is dependent upon the concentration of 1 H, its degree of polarization, and its gyromagnetic properties. 1 H anatomic images are based on the hydrogen in tissue water. MR imaging can be adapted to use other less abundant atomic nuclei, including 31 P, 13 C, 23 Na, 19 F, and 17 O 2 as well as hyperpolarized nuclei such as He. A variety of pulse sequences, timing variations, and image acquisition parameters allow capture of two major types of relaxation, as the atomic nuclei return to their normal equilibrium. The two types of relaxation are called spin-lattice (longitudinal) and spin-spin (transverse) relaxations, and the images are generated due to tissue differences in the longitudinal (referred to as T1) and transverse (referred to as T2) relaxation times. By varying the timing parameters of RF pulses (pulse sequences), an acquired image can be either T1-or T2-weighted to enhance contrast of specific tissue pathologies.
A variety of MRI techniques with and without the use of MRI contrast agents or superparamagnetic nanoparticles permit assessment of dynamics of blood flow, oxygen status in areas of perfusion, degree of tissue cellularity, areas of necrosis, and inflammation. Functional MRI can identify functional versus dysfunctional areas in the brain based on an increase in oxygenated blood in areas of increased neural activity. MRI soft tissue anatomy is excellent with resolutions on the order of 25 to 100 mm in preclinical animal studies. MRI is a powerful noninvasive method for assessment of phenotypes and therapeutic efficacy in animal models of disease used in preclinical research and drug development. In vivo MRI provides an opportunity for longitudinal evaluation of tissue changes and phenotypic expression in experimental animal models to monitor progression, regression, and therapeutic responses noninvasively. Ex vivo MRI of formalin-fixed specimens permits a thorough examination of multiple digital slices, while leaving the specimen intact for subsequent conventional hematoxylin and eosin (H&E) histology of regions of interest (Nyska et al. 2014; Tempel-Brami et al. 2015; Ramot, Schiffenbauer, Amouyal, et al. 2017; Ramot, Schiffenbauer, Maronpot, et al. 2017) .
For conventional MRI systems, equipment acquisition, operation, and maintenance are relatively expensive and are limited to institutional facilities where these systems can be isolated for safety reasons. These limitations have recently been overcome with the development of more compact MRI systems that are designed for operation in conventional laboratories without the cost, complexity, and infrastructure of conventional MRI systems (Tempel-Brami et al. 2015; Ramot, Schiffenbauer, Maronpot, et al. 2017 ).
Matrix-Assisted Laser Desorption Ionization -Mass
Spectrometry Imaging (MALDI-MSI) MALDI imaging was described for the first time by Caprioli, Farmer, and Gile (1997) . This imaging technique utilizes a sample such as a frozen or formalin-fixed tissue section that is probed with a laser in 2 dimensions while recording a mass spectrum. Technically, a matrix is deposited on a thin tissue section. It absorbs at the laser wavelength of the MALDI ion source and ionizes the analytes. The slide with the section is moved in 2 dimensions in the mass spectrometer while a mass spectrum is recorded at each position (for each laser impact). The distance between each laser impact (spatial resolution) is selected by the individual before the acquisition. Molecular images are then constructed by correlating ion intensities with the exact position of the data from the sample. The molecular distribution of each detected ion in the tissue with the selected method can be generated. This permits simultaneous measurements of the spatial distribution of multiple analytes (DNA, peptides, proteins, sugars, small molecules, and large organic molecules) without destroying the sample. Imaging software imports the mass spectrometer data and places them on an optical image of the sample. This allows identification and localization of chemical species and metabolites on the optical image. A classical staining (e.g., H&E stain) can be applied on the tissue section at the end of the mass spectrometry imaging (MSI) acquisition or on an adjacent tissue section. The obtained picture is then overlaid with the generated molecular distributions in dedicated software.
Two main advantages of MSI are its specificity and the fact that the samples do not have to be labeled with probes or radionuclide. It is possible to detect a drug and its related metabolites on one tissue section and to generate the images of each molecule based on its mass to charge ratio (m/z; Bonnel, Legouffe, et al. 2011 ). This detection method does not require labeling of the targeted molecules (no radioactivity, no fluorescence, and no tracer). It can usually detect more than 1,000 compounds from a tissue surface in a full scan mode of acquisition. The best spatial resolution that can be applied today is around 5 to 20 mm. It is thus possible to visualize the molecular distributions within histological structures.
MALDI imaging can be applied on all tissues prepared for conventional microscopic investigation. Formalin-fixed and paraffin-embedded (FFPE) tissues are today the first choice for safety evaluation. Several examples of MSI applications on FFPE tissues have been published (Buck et al. 2016; Groseclose et al. 2008; Lemaire et al. 2007; Pietrowska et al. 2016; Stauber et al. 2008) .
As for all analytical technologies, the MSI sensitivity must be determined for each targeted compound or class of molecules. Desorption and ionization processes depend on the chemical structure and on the physicochemical environment of the biological tissue. To maximize sensitivity with histological localization, quantitative mass spectrometry imaging has been developed to bring quantification aspects to the molecular distribution .
Applied during the first decades in proteomics on tissue in the life sciences (Bonnel, Longuespee, et al. 2011; Chaurand and Caprioli 2002; Chaurand, Stoeckli, and Caprioli 1999; Franck et al. 2009; Stoeckli et al. 2001) , MALDI imaging has been quickly used in a wide range of applications in the pharmaceutical industry (Castellino, Groseclose, and Wagner 2011; Hamm et al. 2012; Kreye et al. 2012; Prideaux et al. 2011; Prideaux, Staab, and Stoeckli 2010; Prideaux and Stoeckli 2012; Solon et al. 2010; Stoeckli, Staab, and Schweitzer 2007; Sun et al. 2016) . Indeed, MSI experiments today allow combining the pharmacokinetics and pharmacodynamics information of the drug, making the connection between early stage drug metabolism pharmacokinetics and late stage development. This imaging technology can also be used in clinical investigations (e.g., punch biopsies in dermatology or biopsies in oncology).
Practical Imaging Applications

Practical Ultrasound Applications
Cardiac hypertrophy in genetically modified mice. Using an overexpressing ErbB2 tg model (Sorensen et al. 2016; Sysa-Shah et al. 2012 ) and/or surgically induced hypertrophy (Takimoto et al. 2005) , ultrasound identifies the extent of ventricular hypertrophy as well as allowing documentation of functional cardiac impairment. The ultrasound characteristics of the cardiac hypertrophy in the ErbB2 model are sufficiently specific to reduce the need for genotyping the mice, thus allowing conduct of subsequent studies knowing which mice are carrying the appropriate genotype ( Figures 1 and 2) . In support of this research, cardiac ultrasound can be used to define the functional aspects of cardiac hypertrophy in characterizing this disease model.
In clinical cardiology, echocardiography is a gold standard in the diagnostics of most cardiac diseases. In preclinical studies, echocardiography allows for characterization of anatomical changes without a need to sacrifice multiple groups of animals. Instead, the stages of the development of the pathological process can be tracked using echocardiography, at the same time obtaining information about functional changes, which in many cases precede the anatomical changes. Echocardiography can be further complemented with electrocardiography, which provides additional information about developing cardiac hypertrophy (Sysa-Shah et al. 2012) .
Load-induced cardiac hypertrophy and reversal in a murine model. Transverse aortic constriction (TAC) is a commonly used technique for experimental induction of pressure-overload cardiac hypertrophy and subsequent heart failure. Mice, which undergo TAC, gradually progress from compensatory cardiac hypertrophy to maladaptive cardiac hypertrophy resulting in heart failure.
Use of sildenafil in the TAC-induced cardiac hypertrophy mouse model was reported to prevent or delay the progression to maladaptive cardiac hypertrophy (Takimoto et al. 2005) . Longitudinal echocardiography was used to track the changes caused by TAC to assist the scientists in selecting appropriate dosages of sildenafil, time points for euthanasia, and to document the differences in heart anatomy and function in mice treated with sildenafil versus control mice ( Figure 3 ). Usage of echocardiography not only permitted using smaller numbers of mice but reduced costs and the amount of time to complete studies. Using echocardiography also ensured higher consistency of the data by comparing the changes in the same animal serially imaged before starting the experiment and imaged longitudinally throughout the experiment. Using echocardiographic examination in both above hypertrophy models provides information including the degree of the functional and anatomical changes caused by the genetic or surgical intervention and resulting hypertrophy as well as allows for longitudinal evaluations of the cardiac phenotype during development of the pathological condition. This functional information is not available from conventional histopathology collected from hearts at necropsy. Coupled together, in vivo imaging and conventional histopathologic studies allow the toxicological pathologist a more complete assessment of toxicological effects and disease progression. These studies also allow for interventional therapy during a toxicity trial or during a disease progression experiment.
Imaging of aortic enlargement. One of the most dangerous manifestations of Marfan syndrome is aortic enlargement and rupture. Studies in the Marfan syndrome murine model show that affected mice develop aorta enlargement and weakening of aortic wall (Habashi et al. 2006; Ng et al. 2004 ). Serial ultrasound imaging was utilized to follow the progression of the development of aortal enlargement and thickening of aortal wall ( Figure 4 ), and ultrasound was crucially important in the characterization of this mouse model and the identification of treatments to prevent aortic enlargement. These treatments are now in use in clinical trials in human Marfan syndrome patients.
Examples of PET/SPECT
Cardiac cell death in the rat model of doxorubicin-induced cardiotoxicity. Doxorubicin has been known for decades to induce short-and long-term cardiac toxicity side effects. Multiple studies have been performed to investigate novel preventive, diagnostic, and treatment options to protect the cancer patients from doxorubicin and other anthracyclines' side effects during cancer therapy. One of the challenges of preclinical studies directed against doxorubicin-induced cardiotoxicity is finding a method to evaluate the damage caused by experimental doxorubicin treatment as well as observe and quantify the effects of experimental cardioprotective drugs (Gabrielson et al. 2007) . One of the methods proposed and tested by several groups was visualization of Tc 99m -labeled Annexin V in the heart by SPECT (Bennink et al. 2004; Gabrielson et al. 2008) . Annexin binds to phosphatidylserine, which is a cell membrane component that is normally hidden in the cellular membrane but becomes exposed to the outside of dying cells. SPECT imaging displayed increased uptake of radiolabeled Annexin V in the hearts of rats treated with doxorubicin versus saline control ( Figure 5 ). Increased cardiac cell death, induced by doxorubicin versus saline control, was further confirmed with terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)staining of cardiac tissue after the rats were sacrificed. Detection of distant metastases in a mouse model of cancer. SPECT and PET are also useful in finding distant cancer metastases. In many cases, the number and localization of cancer metastases have more impact on prognosis and consequent treatment strategy than the primary tumor. Proper evaluation of distant metastases is essential in cancer stage determination and in subsequent decisions about treatment options. The search is ongoing for the most sensitive imaging technique that is especially selective for malignant cells. A new approach has been to use cancer-specific imaging reporter genes, such as astrocyte-elevated gene-1 (AEG-1), as has been recently used in detecting prostate cancer distant metastases (Bhatnagar et al. 2014) . This reporter gene is activated in cancer cells that have elevated levels of certain transcription factors which bind to the promoter of AEG-1 and activate it, leading to transcription of thymidine kinase (TK) for SPECT application ( Figure 6 ) or luciferase, a reporter used in optical imaging. In these experiments, mice are injected with the DNA construct that has AEG-1 promoter driving the reporter gene. This DNA is hypothetically taken up by all cells in the mouse but has been shown to only become activated producing the reporter gene in cancer cells that have elevated transcription factors such as c-Myc. AEG-1 promoter has multiple c-Myc binding sites. Another imaging vector with a different promoter, PEG-3, has been used to drive imaging reporter genes in preclinical imaging of distant metastases of melanoma (Bhang et al. 2011) .
Practical Optical Imaging Applications
Kidney injury model. Glomerular filtration rate (GFR) is the gold standard in kidney function assessment (the efficiency to clear Figure 5 . Single-photon emission computed tomography (SPECT) imaging of cell death in the rat heart. Rats were treated with doxorubicin at 2.5 mg/kg once a week for 6 weeks. Rats then were injected with 99m Tc-HYNIC-Annexin V. (Top row) Relative to a SPECT image of the thorax of a saline control rat, SPECT images from a doxorubicin-treated rat show increased uptake of radiolabeled annexin (arrow) in the heart. (Bottom row) The extent of cardiac cell death in TUNEL tissue sections converted to black/white from saline control and doxorubicin-treated rats. White nuclei indicate TUNEL-stained apoptotic nuclei. TUNEL staining correlated well with the information supplied by SPECT, indicating that SPECT imaging is a useful noninvasive means of identifying cell death in vivo. LV ¼ left ventricle; TUNEL¼ terminal deoxynucleotidyl transferase dUTP nick-end labeled; SPECT ¼ single-photon emission computed tomography. Source: Reprinted with permission from Gabrielson et al. (2008) . small molecular waste products from the blood stream) and is used to determine the status of kidney disease and druginduced kidney toxicity. Most preclinical rodent models depend on markers of renal physiological function, such as measuring blood levels of creatinine and urea. Recent reports suggest that new, minimally invasive techniques correlate with histological glomerular damage in mice. One approach utilizes a transcutaneous device that measures the half-life of intravenously administered fluorescein isothiocyanate-sinistrin (Ellery et al. 2015; Scarfe et al. 2015; Taruttis et al. 2012 ), a molecule cleared by glomerular filtration. Another approach uses multispectral optoacoustic tomography (MSOT), with a photoacoustic imaging device that directly visualizes the clearance of the near infrared dye, IRDye 800CW carboxylate (Ellery et al. 2015) . The results obtained with these techniques were compared with 24-hr albuminuria or urinary albumin/ creatinine ratio, serum creatinine, blood urea nitrogen, and histologic staining with picro-sirius red and Masson's trichrome (Scarfe et al. 2015) . Both methods allow longitudinal evaluation of kidney function and can be employed for the repeated and minimally invasive measurements of kidney function. Similarly, inulin is neither secreted nor absorbed by renal tubules, and its clearance from the blood is directly proportional to GFR and can be tracked using cardiac imaging (Figure 7 ).
Liver injury model. Drug-induced hepatotoxicity reduces the rate of approval of new chemical entities and plays a major role in the withdrawal of approved drugs from the market (Dimasi 2001) . The use of optical imaging that permits identification of liver changes has been shown by quantitative fluorescence molecular tomography imaging of far-red (Vasquez, Casavant, and Peterson 2011) or near-infrared (Filonov et al. 2011; Vasquez, Casavant, and Peterson 2011) imaging agents to noninvasively visualize and quantify the biodistribution of different agents over time, providing real-time imaging of oxidative and nitrosative stress in the liver of live animals during drug-toxicity testing (Shuhendler et al. 2014) .
The induction of acute hepatic damage by acetaminophen, N-acetyl-p-aminophenol (APAP), is one of the most commonly used experimental models of acute liver injury in mice. The specific value of this model is its high reproducibility, dose dependency, and known pathogenic mechanism (Hinson, Roberts, and James 2010; Mossanen and Tacke 2015; Ramachandran and Kakar 2009). APAP-induced liver injury has been quantified noninvasively in vivo with Annexin-Vivo 750 in conjunction with PerkinElmer's imaging platform. This approach provides a robust and quantitative method for assessing hepatocellular toxicity in the liver of living mice, and the results correlated well with direct imaging of excised liver fluorescence (Figure 8) . The time course and dose response of APAP-induced liver injury were quantified by imaging, and the results correlated well with serum ALT activity, direct imaging of excised livers, qualitative assessment of liver damage by H&E staining, and an increase in TUNEL staining. Tomographic imaging provided additional depth detection and detail of signal within the liver as well as detection of the expected kidney clearance of Annexin V (Vasquez and Peterson 2014 In the LLNA test, the test substance is applied on the surface of the ears of a mouse for 3 consecutive days, and the proliferation of lymphocytes in the draining lymph node is measured at the end of the study (Parasuraman 2011) . Recently, we reported about the development of the laser speckle imaging (LSI) system for visualization and quantitative assessment of an acute vascular reaction to topical application (without prior sensitization) of a known mild irritant. Assessing the immediate response to topical application of potential irritants is particularly challenging, with the currently available diagnostic practices. The developed LSI is part of the dual-mode imaging system schematically presented and shown in Figures 9 and  10 . The dual-mode imaging system utilizes the LSI and fluorescent intravital microscopy modes for simultaneous imaging of the same area of external mouse ear skin surface in vivo . With further development, these methods will become a real quantitative tool for noninvasive assessment of allergic reactions and could substitute for the classic mouse ear swelling test and concomitantly reduce animal suffering. Potential translation of the technique to clinical practice for effective testing of allergens in human skin and for testing new synthetic materials is anticipated.
Brain toxicity studies. In vivo imaging of the brain in general and brain blood vessels specifically is essential for assessment of brain function under varying conditions in both clinical and experimental settings. There are a variety of optical imaging modalities used for this purpose including optical coherence tomography, photoacoustic microscopy, and photoacoustic tomography. However, imaging of cerebral blood vessels through the intact skull remains challenging. Limitations such as the necessity to remove part of the skull or expensive equipment restrict the use of this procedure in settings such as preclinical trials. Blood-brain barrier (BBB) breakdown allows penetration of blood-borne toxic substances into brain resulting in neuronal degeneration and enhanced inflammatory destruction (Banerjee and Bhat 2007) . The ability to optically monitor the BBB disruption in real time could provide real-time monitoring of hypertonic disruption and/or facilitate dosage control for chemotherapeutic drugs that require hypertonic disruption (Joshi et al. 2011) . To monitor the BBB disruption, dynamic light scattering imaging modality was used to mark blood vessels (green) and detect fluorescein leakage through BBB in the right hemisphere following internal carotid artery catheterization and simultaneous injection of mannitol and fluorescein ( Figure 11) .
Recently, we have presented a novel, minimally invasive method for vascular imaging through the sufficiently transparent intact skull of young mice. Our method combines LSI and fluorescent imaging with dynamic color mapping and image fusion ( Figure 12 ). Quickly generated wide-field images present clear visual information on blood flow and perfusion in the cerebral cortex and meninges. The ability of the method to visualize hemodynamic changes was demonstrated by induced occlusion of the middle cerebral artery (Figure 13 ). The compact and easily operated system is comprised of several pieces of standard and affordable laboratory equipment. This simple, robust, and inexpensive method may become an important tool for assessment of brain hemodynamics in preclinical studies (Kalchenko, Israeli, et al. 2014 ).
Examples of Application of the Compact MRI
Neurotoxicity. The classical neurotoxin 3-nitropropionic (3NP) acid was administered to rats as a model for Huntington's disease. The compound was administered at 55 mg/kg/day for 8 days to 3 Lewis rats via osmotic minipump (intraperitoneal [IP]) to induce lesions in the nucleus caudatus and putamen of the brain corresponding to the striatum in humans, the structure where the Huntington's disease-associated lesions are prominent. Three rats served as untreated controls. Formalin perfusion was used at necropsy. Sixty-four transverse digital sections of each brain were acquired by a compact MRI system (Tempel-Brami et al. 2015) . Subsequently, transverse sections stained with H&E and cresyl violet-luxol fast blue were prepared for histopathologic examination. The ex vivo MRI targeted the location and the size of neuropathological lesions with good precision. Histopathologically, the lesions were described as neurodegeneration, characterized by hemorrhage and spongiosis in the nucleus caudatus and putamen. The ex vivo MRI was successful in localizing the 3NP-induced neurotoxic lesions, allowing the quantification of the damage and correlation with histopathology ( Figure 14) .
In a second neurotoxic model, IP administration of lithium chloride (127 mg/kg) was followed by IP administration of pilocarpine (30 mg/kg) to produce a status epilepticus model in the rat (Taketa et al. 2015) . One week after dosing, the perfused, fixed brains were collected, imaged using the compact MRI, and examined histopathologically. In the MRI-captured brain images from treated rats, areas of high T1 and middle to low T2 signals, when compared to controls, were noted in the piriform cortex, lateral thalamic nucleus, posterior paraventricular thalamic nucleus, and posterior hypothalamic nucleus in the cerebrum. Histopathology confirmed that the altered MRI signals were consistent with well-circumscribed foci of neuronal cell degeneration/necrosis accompanied by gliosis ( Figure 15 ). The conclusion of this experiment was that the quick analysis of fixed organs by an MRI system can provide useful information for the selection of sampling sites for histopathological slide preparation, especially in complex and functionally heterogeneous organs such as the brain (Hanig et al. 2014) .
Anticancer drug testing. We used the Mdr À/À mouse model that is known to develop age-associated spontaneous liver lesions to detect, count, and measure the volumes of the lesions (Tempel-Brami et al. 2015) . In vivo MRI detected focal liver lesions in all mice. Ex vivo MRI allowed for digital segmentation and quantification of all individual lesions. It was feasible to detect small foci with volumes of 0.3 mm 3 (Figure 16 ). In addition, the total lesion volume in the entire liver was calculated. The lesions were diagnosed by conventional histopathology as focal fatty lesions in some of the mice and hepatocellular carcinomas in others.
In a second anticancer testing model, Gl-261 murine glioma cell suspensions (10 5 cells) were stereotactically injected into the right brain of CB6F1 mice (Tempel-Brami et al. 2015) . Tumor growth was noninvasively followed by in vivo MRI Figure 9 . Schematic presentation of the dual-mode imaging system. The image of external mouse ear obtained by using laser speckle imaging (LSI) mode with long (650 ms) exposure time. Site of topical application of contact irritant is marked by a black arrow. In the LSI mode, the laser module with optical diffuser (LM) and digital CCD camera are used as light source and detector, respectively. The CCD camera is mounted by C-mount adaptor on top of the standard fluorescent microscope used in the fluorescent intravital microscopy (FIM) mode. A mercury discharge lamp is utilized as a light source for fluorescence imaging. Light from the light source passes through the excitation optical filter (Ex) and is projected by dichroic mirror (Dm) onto the same area of mouse ear as visualized by LSI. The fluorescence signal filtered by the emission band-pass filter (Em) is detected by the CCD camera that is connected to a PC-based workstation used for LSI and FIM image processing. Source: Reprinted with permission from Kalchenko, Israeli, et al. (2014) . 20 days following cell injection. Tumor volume was measured noninvasively over time and found to have exponential growth ( Figure 17 ). Moreover, in vivo MRI showed the variability in tumor size and location obtained for different animals, demonstrating the importance of longitudinal studies in the same animal rather than relying on statistics from groups of animals sacrificed at different intervals after injection. Ex vivo MRI of the perfused-fixed mouse head confirmed the in vivo data and correlated well with histopathology.
Pulmonary fibrosis. A model of pulmonary edema, inflammation, and fibrosis was obtained by single intratracheal installation of bleomycin in 6-week-old Sprague-Dawley rats. In vivo MRI of the rats was performed every day for 2 weeks with ex vivo MRI performed on air-inflated immersion-fixed lungs at the end of the 2 weeks (Tempel-Brami et al. 2015) . Repeated in vivo MRI on the same animal allowed longitudinal tracking of the progression and regression of the interstitial space occupying pathological processes manifesting as a bright signal against a black background. Ex vivo MRI in combination with conventional histology provided a cross-correlated quantitative assessment of the components of interstitial thickening (Figures 18 and 19) . Based on the ability to longitudinally monitor and ultimately quantify the extent of interstitial disease, compact MRI in combination with conventional histopathology allows different treatments to be compared for their therapeutic effectiveness.
Examples of MALDI Imaging Applications in Toxicity Studies
MALDI imaging can be integrated directly in the workflow of the toxicologic investigations as described in Figure 20 . In parallel or after the histologic examinations, tissue sections are analyzed to determine whether the lesions observed in tissues can be correlated with the administered molecule or one of its metabolites.
Some publications have described the utility of this approach in understanding the processes associated with toxicologic effects (Brignole-Baudouin et al. 2012; H. R. Brown et al. 2016; Bruinen et al. 2016; Groseclose et al. 2015; Nilsson et al. 2012) . Groseclose et al. (2015) have illustrated its application in an investigation of juvenile rat nephrotoxicity associated with dabrafenib (DAB) administration. DAB is an ATPcompetitive inhibitor of Rapidly Accelerated Fibrosarcoma (RAF) kinase activity and has been approved in adults for the treatment of tumors as monotherapy and combination therapy with trametinib. The authors used MALDI imaging combined with microscopy to determine whether the tubular deposits observed in the treated juvenile rat kidneys were related to the drug and concluded that carboxy-DAB (CDAB, a DAB metabolite) was highly localized to the lumen of the damaged collecting ducts (Figure 21) . Importantly, the authors have specified that neither CDAB itself nor any other DAB-related material was detected in the tubular luminal deposits.
Detection of endogenous metabolites. MALDI imaging also offers the opportunity to follow endogenous markers such as metabolites, lipids, or peptides without any labeling. The detection of proteins may need a so-called bottom-up approach, that is, involving a digestion on the tissue section. This step can be performed on the same tissue as the one used for the exogenous molecule detection. It is thus possible to monitor efficacy or toxicity markers. Figure 22 illustrates the detection of some endogenous metabolites in rat brain and liver. All these molecules were detected with the same acquisition method on the tissues. It is then easy to follow the impact of drugs on the toxicity markers by comparing different treatment regimens.
The detection of the endogenous metabolites involved in a specific pathway (such as the urea cycle, the citric acid cycle, and fatty acid synthesis) provides the opportunity to follow or study the impact of a treatment on these molecules or on the related enzymes. Figure 23 shows some metabolites detected in the glycolysis and Krebs cycle by MALDI imaging. In addition to providing the relative abundance of the targeted ions in the pathway, MSI provides spatial distribution that could help provide a deeper understanding of the biological mechanisms in histologic regions.
As mentioned above, targeting of the toxicity or inflammation markers can also be investigated during a safety evaluation and for some pharmacologic purposes (Caughlin et al. 2015; Lagarrigue, Caprioli, and Pineau 2016; Meistermann et al. 2006) . For example, lipofuscin is found as spherical particles in the retinal pigment epithelium (RPE) and characterized by its autofluorescence when exposed to light. This exposure to light is known to produce reactive oxygen intermediates. The identification of one of the fluorophores in lipofuscin, N-retinylidene-Nretinylethanolamine (A2E), led to a variety of studies to understand its potential role in the phototoxicity of lipofuscin (Crouch et al. 2015) . Figure 24 illustrates the A2E detection by MALDI imaging in an isolated rat eye section. The overlay between the H&E picture and the A2E molecular distribution confirms the specific localization of this endogenous marker in the RPE and shows the advantage of this multimodality approach.
Use of Imaging in Preclinical Study Regulatory Submissions
There is ample evidence showing the positive contribution of clinical imaging to medical diagnosis and biomedical science.
Equipment is now available for bringing the same scientific sophistication to preclinical animal studies in support of basic toxicology research, drug development, and gaining regulatory support for new therapies. A logical and important next step is to gain regulatory acceptance of imaging data as part of preclinical data submissions at least on a case-by-case basis for regulatory filing and approval. Nonclinical imaging data can and have been successfully incorporated into regulatory submissions but have generally been used on a case-by-case basis in a small subset of submissions to help address specific questions. Because the imaging data generated from these studies have the potential to become important components of regulatory submissions, it is important to include measures to ensure data integrity and quality. The good news is that substantial effort at validation has already occurred with numerous examples in the peer-reviewed literature correlating imaging data with conventional histomorphology and function in preclinical studies (Tempel-Brami et al. 2015; Johnson et al. 2012; van Deel et al. 2016; Takimoto et al. 2005; . Examples are provided in the present manuscript. With respect to compliance with good laboratory practices (GLPs), imaging data are fundamentally electronic data and, thus, their generation and integrity can be completely tracked once the imaging equipment has been calibrated and the associated image processing software has been validated. Thus, although challenging, GLP compliance is achievable, especially for specific Figure 13 . An example of pathological observation assisted by the transcranial optical vascular imaging method similarly combines laser speckle imaging (LSI) and dynamic fluorescence (DF) modes. LSI ¼ processed LSI color-coded image showing a mouse with lack/low perfusion in the right hemisphere. Color bar represents level of blood perfusion with black color indicating the lowest level of perfusion. DFI ¼ rendered DFI colorcoded image obtained from the same mouse. Red, green, and blue colors correspond with arterial, early venous, and later venous phases of blood perfusion, respectively. applications. In the meantime, the important contribution of imaging in preclinical drug discovery and development is still extant.
The September 2016 U.S. Food and Drug Administration (FDA) draft proposal indicating that all nonclinical data intended to support a new drug application filing should be conducted under GLP conditions sets the challenge for use of imaging in preclinical study regulatory submissions (FDA 2016) . While the draft proposed changes to the Federal Register are still in the phase of review and have not yet been accepted, they have undoubtedly stimulated discussion as to how broadly or strictly such standards might be specifically applied to nonclinical imaging studies as well as an acknowledgment of some practical limitations to their application in imaging studies. Historically, imaging data can and have been used to successfully support regulatory submissions, even if those data are not GLP compliant. At the same time, the FDA Critical Path Initiative clearly identifies an important need for imaging biomarkers (FDA 2006 (FDA , 2017 . It is reasonable to expect that imaging biomarkers developed and submitted in preclinical studies could be potentially translatable to the clinical environment and would, therefore, be of interest to regulatory authorities. As technology and experience with imaging improves, there is potential for future evolution of imaging to a more routine use in nonclinical studies to reduce the need for subchronic nonrodent studies. GLP status would likely be expected in such cases where imaging might be proposed as a replacement for some sacrifice time points.
Common components for achieving GLP compliance in preclinical studies include appropriate standard operating procedures (SOPs) for instrument calibration, maintenance, and use; validation of instruments and software; a system for archiving and retrieval of raw and calculated data; clearly defined roles, responsibilities, and training for technical and professional staff, including the quality assurance (QA) staff; management oversight and accountability; and a QA program. These same components are needed for imaging studies to be GLP compliant. However, the broad diversity of imaging modalities (e.g., MRI, ultrasound, CT, PET, SPECT, and optical); differences in instrumentation and software for any given type of imaging; a seemingly infinite number of instrument setting combinations to be optimized for detection of specific morphologic and/or functional end points; organ-and tissue-specific image acquisition parameters; and animal handling procedures during imaging present unique challenges in achieving GLP compliance. Consequently, validation processes applicable to general toxicology are unlikely to be easily validated for all possible aspects of imaging processes. However, GLPcompliant tissue-specific functional and morphological imaging procedures such as echocardiograms, vascular perfusion, and rodent teratology evaluations should be achievable (van Deel et al. 2016; Badea et al. 2011; Yang et al. 2016; Wise, Xue, and Winkelmann 2010) .
Equipment validation procedures will need to be done in conjunction with the specific equipment vendors in setting up SOPs for daily and periodic preventive maintenance and calibration. In addition, image acquisition settings and animal handling parameters will often be dependent upon the organ system being studied; the method of anesthesia used; positioning of the animal for imaging; physiological monitoring before, during, and after imaging; and software algorithms for translating instrument-generated signals into usable images. These and other components of the imaging process all need imagingspecific SOPs and controls. It is likely that standardized phantoms for each specific type of imaging will be needed to ensure proper functioning of imaging equipment and to confirm the accuracy, sensitivity, and precision of specific imaging protocols. Whenever possible, a specific imaging biomarker could be validated against a "gold standard." An example of successful validation of imaging against an accepted "gold standard" is the application of microCT imaging of fetal skeletons in developmental and reproductive toxicology studies Here microCT methods were optimized to detect morphological changes in a single-organ system (the skeleton) and results validated using comparison against an accepted standard (alizarin red stain). However, unlike the more traditional hematology, clinical chemistry and histopathology end points generally used in preclinical toxicology studies, full technical, and analytical validation of imaging methods may be difficult to accomplish in the context of general toxicology studies. If an unanticipated need for imaging arises during a study, investigators may need to strike a reasonable balance between practical image acquisition and scientific rigor in optimizing imaging for the end point in question. Preferably, study-specific imaging documents detailing the imaging procedure should be generated and incorporated in study protocols if a need for imaging is anticipated.
The reliability, quality, and integrity of electronic data used to obtain images are essential to track data processing and to reconstruct the process of generated images. Backup and recovery procedures, providing an audit trail for complex data processing, and prevention of inadvertent image modification using "read-only" critical files must be considered. Given the importance of computer-based processing during image acquisition and processing along with inevitable hardware changes and software upgrades, conditions will need to be provided to ensure legacy data will be usable. Because imaging equipment and how data are captured differ among vendor-specific imaging equipment, it is recommended that complete descriptions of hardware and software be associated with generated images. In addition to development of SOPs and validation procedures mentioned above, rigorous data management and archiving procedures will be necessary for submission of GLP-compliant images. In addition to validating the electronic data that are processed to generate images, there are other associated data that must be considered, including metadata describing the image settings and quantitative data such as functional or volumetric measurements. To capture and archive qualitative image data, it should be possible to adapt existing data systems such as those used for gross and histopathology data. Lexicons using modality-specific diagnostic terminology can be created for imaging systems.
The assurance of scientific rigor in the process of generating and ultimately providing imaging data as part of regulatory submissions extends to the interpretation of qualitative end points of submitted images. Imaging studies almost invariably contain some element of qualitative morphologic assessment and comparison against a control. The training and experience of veterinary pathologists in qualitative morphologic assessments, along with additional formal training or credentials in understanding and interpretation of specific imaging modalities, make them well suited for this task. Alternatively, veterinary radiologists well versed in different imaging modalities would be qualified to interpret study-related images and issue a formal interpretative report. Peer review could be implemented in a similar manner to the process used by anatomic pathologists. SOPs for peer review of image interpretation would include a defined tissue list and lexicon, identification of the subset of images to be reviewed, a written memo indicating what was reviewed including agreement (or disagreement) with the primary contributing scientist's diagnoses, and a process for resolving differences between primary and peer review scientists. Final conclusions from the imaging data would then be added to the study report for regulatory submission. Raw data would be defined as the signed image evaluation report. This could be an independent stand-alone imaging report or a component of the pathology report.
Discussion
Use of different imaging modalities (e.g., MRI, CT, and ultrasound) in the preclinical testing environment has made substantial contributions in drug development, understanding dynamic and functional aspects of disease, characterizing animal models of human disease, generation of quantitative data in longitudinal studies by imaging the same animals throughout a study, and as an important adjunct to conventional study end points such as histopathology (Tempel-Brami et al. 2015; Johnson et al. 2012; van Deel et al. 2016; Takimoto et al. 2005; Gabrielson et al. 2008 ). In addition, imaging modalities proven useful in preclinical studies are often readily translatable to the clinical environment.
Available imaging systems range in complexity of use with a wide spread of relative costs. Basic protocols for ultrasound and optical imaging are relatively easy to use, equipment is relatively inexpensive, and these imaging modalities could be added to standard toxicology studies relatively easily with minimal animal manipulation. For imaging modalities such as in vivo PET/SPECT, CT, and MR, animal anesthesia is required and best carried out as stand-alone studies. Conventional PET/ SPECT, CT, and MRI systems are expensive and require operating infrastructure and housing details restricting their use to large academic, industrial, and contract research organization facilities. A notable exception is the new compact MRI system that is portable, easy to use, and without the infrastructure and safety concerns associated with conventional MRI facilities . MALDI-MSI is currently limited to specialized academic groups, some large pharmaceutical companies, and a few contract research organizations has a relatively high instrument cost, and requires a high level of personnel training for operation and interpretation. However, MALDI-MSI provides highly relevant detail on tissue localization of test agent and metabolites not achievable by other imaging modalities, is label-free, and has high specificity and sensitivity, making it an increasingly important tool in toxicology investigations and safety evaluation.
We have provided representative and practical examples of imaging applications of ultrasound, PET/SPECT, optical, MRI, and MALDI as adjuncts to conventional toxicology and toxicologic pathology parameters. These examples have relatively straightforward imaging protocols. However, advances in instrumentation and image acquisition parameters reflect a rapidly expanding imaging armamentarium providing us with increasing ability to enhance the science and effectiveness of our preclinical studies. We admit there are challenges in making many aspects of imaging GLP compliant. Nevertheless, we encourage submission of imaging data as part of regulatory submissions on a case-by-case basis to answer specific questions when warranted and provided data are rigorously generated and scientifically sound. We believe imaging data will be useful in many cases for informing regulatory decisions even if not yet completely GLP compliant.
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